Abstract: Propylene oxide polymerization in the presence of layered double hydroxides with different concentration of basic sites on their surface has been studied. It is shown that the polymerization can be catalyzed by both basic and acidic sites. On the basis of kinetic experiments the mechanisms of reaction undergoing were proposed.
Introduction
Propylene oxide is an organic compound with the molecular formula of CH 3 CHCH 2 O. Primarily, propylene oxide is used to produce polyurethane plastics and propylene glycol. In addition, it is the feedstock for the production of propylene carbonate, isopropanolamines, polyoxypropylene polyols, polypropylene oxide, propylene oxide cancers, propylene sulphide and some surfactants. Worth noting, it is a probable human carcinogen, which may cause hemodynamic disorders, possibly due to increased concentration of histamine and other biological active substances. It is included into the List of IARC Group 2B carcinogens [1, 2] .
Propylene oxide polymerization is one of the most widely practiced operations in the chemical industry [3, 4] . Reports on the catalytic activity of basic heterogeneous catalysts such as calcined synthetic hydrotalcite in this reaction have been published [5] [6] [7] [8] .
Layered double hydroxides (LDHs) is a class of inorganic compounds consisting of positively charged layers of metal hydroxides, and anions in the inner space. [9] [10] [11] [12] [13] [14] .
Mg/Al LDHs can be obtained from chemical production waste containing magnesium and aluminum salts. Thus, on the one hand, a rational solution for waste disposal has been found, and on the other hand, the obtained substances are of low cost [10] .
For these reasons, LDHs are potential candidates for industrial applications in various fields, such as medicine, separation technology, polymer reinforcement, electrochemistry, etc. Calcined LDHs can also find the wide application as sorbents and catalysts (Fig. 1 ) [15] . Fig. 1 . Layered double hydroxides applications [15] However, the non-calcined LDHs can be used not only as sorbents and precursors, but also as acid-base catalysts directly. Their catalytic activity is a result of the presence of different basic sites on the surface. Additional thermal and oxidizing treatment causes the change of basic and acid sites number on the surface, and hence results in the change of catalytic activity.
Mg/Al LDHs catalytic activity in the reaction of propylene oxide polymerization has been studied in this paper, and it was shown, that activity is determined by concentration of basic and acid sites of definite strength, which was determined by Hammett indicators titration.
The purpose of this work was to study the processes of polymerization of propylene oxide with heterogeneous catalysis, which does not require complex post-reaction separation of the catalyst. The novelty of the work lies in the fact that layered double hydroxides were used for the first time as a heterogeneous catalyst for the polymerization process of propylene oxide. Salt solutions with different molar ratios were prepared by adding Mg (NO 3 ) 2 ⋅6H 2 O and Al(NO 3 ) 3 ⋅9H 2 O in de-ionized water. After complete dissolution, the above solution was added drop-wise to a vigorously stirred Na 2 CO 3 solution in de-ionized water. Then freshly prepared 1 M NaOH solution was added drop-wise to the above solution to maintain constant pH = 11. The resultant gel was aged by stirring at 85 °C for 24 h. The precipitate was separated from the solution by centrifugation, washed several times with de-ionized water and dried in vacuum. All these reactions were carried out in an inert atmosphere.
LDHs

Characterization of catalysts
X-ray diffraction patterns show that well-crystallized hydrotalcite like compounds are obtained and no other phase is identified. The X-ray diffraction of these samples typically indicate the presence of anionic clay with molecular formula Mg 6 Al 2 (OH) 16 CO 3 ⋅4H 2 O possessing carbonates in the interlayer space.
Basic properties of LDHs catalysts were determined by Hammett indicator titration method in the presence of Bromothymol Blue (pK a = 7.2). The special appliance was used in order to investigate acid and basic properties by means of titration with Hammett indicators [16] .
A sample of LDH and a magnetic stirrer were inserted into a small glass, the glass was put on a magnetic stirring device and it was filled with benzene. After that a glass cylinder divided by porous separator, with a standard sample, was inserted into the small glass. After the Hammett indicator was added into benzene the changes in color could be seen on the surface of the standard sample.
The following indicators were used: Bromothymol Blue (pK a = 7.2), 4-Chloro-2-Nitroaniline (pK a = 17.2), 4-Chloroaniline (pK a = 26.5), purchased from Aldrich and 2,4,6-Trinitroaniline (pK a = 12.2), 2.4-Dinitroaniline (pK a = 15.0), 4-Nitroaniline (pK a = 18.4), purchased from Fluka.
Catalytic tests
Catalytic activity was studied in the reaction of propylene oxide polymerization. 0.001 kg of LDHs was placed into a 0.005 dm 3 glass ampoule under a nitrogen stream, and 0.01 dm 3 of propylene oxide was introduced. The ampoule was frozen by liquid nitrogen, sealed after the degassing and kept into a bath with the device for shaking. The product was washed with acetone and subjected to evaporation of the residual propylene oxide and acetone. The final product was carbon-containing polypropylene oxide.
Benzene was used as a solvent in order to separate the polymer from carbon. Viscosity was measured using the Ubbelohde viscometer.
Results and discussion
Over the past decade, layered double hydroxides named otherwise as hydrotalcites have attracted attention of the researchers due to their layered structure and high anion exchange capacity. The structure of LDHs can be described from brucite-type Mg(OH) 2 , where metal ions are located in the center of the octahedron and the vertices are occupied by hydroxide ions. The positive charge is generated by partial substitution of divalent metal cations by trivalent ones within the brucite-like layers and is balanced by an equally negative charge from the inter layer solvated anions.
Samples properties of Mg/Al LDHs with the content of Mg and Al -0.27, 0.72, 0.80 and 0.86 mol/mol -used in researches are shown in Table 1 . There is a reverse dependence which cannot be explained only the numbers of basic sites change. With the correlation increase of MgO/Al 2 O 3 the number of high basicity sites is increased, thus this dependence has extremely character as well (Table 2 ). For sample with 0.72 mol part MgO the concentration of acid sites is calculated through examples:
H 0 = 4.8 -E = 0.4·10 3 meq/kg; H 0 = 1.5 -E = 0.3·10 3 meq/kg. The reaction of the opening and polymerization of cyclic oxides can occur both in acidic and basic catalysis, as described in [3] [4] [5] [6] [7] [8] [9] . The greater the acidity or basicity of the catalyst, the higher the reaction rate. Layered double hydroxides possess both basic and acidic active sites. The presence of two types of sites leads to a synergistic process. The rate of polymerization with binary catalysis is significantly higher than with acid or basic catalysis.
It is interesting to compare this information to the number of basic sites change based on the degree of isomorphous substitution [17, 18] .
To elucidate the catalytic activity of LDHs in the polymerization, the following compounds were mixed with catalysts (10:1) and allowed to react 3 h at 50 o C: styrene, methylmethacrylate, tetrahydrofuran, epichlorohydrin. For all catalysts, the full conversion was observed. For catalyst with the 0.27 MgO, only epichlorohydrin produced a small amount of the polymer.
The presence of both acid and basic sites on LDHs surface results into the cation and anion opening of the ring. The reaction in the presence of acid catalysis has high rate.
To elucidate the catalytic activity of different LDHs the reaction of propylene oxide polymerization was carried out. The catalytic activity of the explored catalytic systems in the given reaction was determined by the polymerization degree, η, of propylene oxide. The dependence of reaction activity on the catalyst composition is shown in Figure 2 . The mechanism of anionic polymerization is corresponded to formation of intermediate anion and undergoing on the mechanism, closed to SN 2 (Fig. 3 ). In case of base heterogeneous catalysis the product appears with the large molecular weight. In the case of homogeneous catalysts the value of η is about 250 dm 3 /kg [19] .
Conclusions
1. The process of heterogeneously catalyzed polymerization of propylene oxide have been studied; for the first time, layered double hydroxides were used as a heterogeneous catalyst for the polymerization process of propylene oxide. 2. The main features of the catalytic process have been studied, and the reaction mechanism has been proposed.
3. The dependence of activity on the acidity of the active sites has been shown. 4 . It has been shown that the catalytic process proceeds involving both the basic and acidic sites.
